ABSTRACT: Fine-scale water column structure was mimicked in a laboratory plane jet flume to examine responses of the calanoid copepods Temora longicornis and Acartia tonsa to layers consisting of a velocity gradient, density gradient, phytoplankton exudates and food (phytoplankton). Copepods were exposed to isolated layers and combinations of cues as defined by in situ conditions. Behaviors elicited by the velocity gradient and chemical exudate layers included increased swimming speed and turn frequency consistent with excited area-restricted search behavior, which led to increased proportional residence time in the layers. Both species had significant responses to isolated layers of velocity gradients and chemical exudates, with T. longicornis responding more intensely to chemical cues than velocity gradients and A. tonsa responding equally to both. Combined fluid mechanical and chemical cues elicited species-specific responses. For T. longicornis, chemical presence induced responses that strengthened or cancelled initial reactions to the velocity gradient. These results suggest a cue hierarchy where a velocity gradient acts as an initial cue for narrowing search regions, and chemical cues and food presence determine consequent responses. For A. tonsa, combining velocity gradient and chemical cues had the same effect on copepod behavior as the individual cues, which suggests both cues are equal sources of information but are not closely associated. In both species, physical contact with particles or cells initiated feeding behavior, resulting in lower swimming speeds. Fluid density had a potentially aversive effect, as neither species responded with an area-restricted search response and individuals rarely crossed a strong density gradient. Observed behaviors may lead to aggregation, especially when superimposed on rhythmic movements such as diel vertical migration.
INTRODUCTION
Zooplankton aggregations have been observed near thin layers (high concentration patches in the water column on the order of 1 m thick vertically which can span several square kilometers and last for several days) and other oceanographic structures such as steep velocity and density gradients (Mackas & Louttit 1988 , Widder et al. 1999 , Dekshenieks et al. 2001 , Holliday et al. 2003 . The association of peaks in biological activity (primary production and consumers) with these gradients suggests that both physical forcing (patterns created by physical properties) and individual behavioral responses to these physical and biological features play important roles in defining observed in situ patterns of animal distributions (Cowles 2004 , Gallager et al. 2004 , McManus et al. 2005 . Hypotheses about the important processes controlling distribution and patchiness at larger scales ( e.g. meters to kilometers, days) by physical forcing are relatively well accepted, although exact mechanisms are still largely untested (reviewed in Franks 1995) . Conversely, the relative importance of these gradients or patches with respect to zooplankton behavior is not well understood, especially at the indi-vidual level, although recent advances have greatly improved our understanding. Increased resolution in field observations has shown that zooplankton aggregate at fine-scale structure (Holliday et al. 1998 , McManus et al. 2005 , while modeling studies support views that these aggregations result from zooplankton behavior (Leising & Franks 2000 , Leising 2001 ). However, the cues and mechanisms behind aggregation development and maintenance remain elusive.
Zooplankton survival is directly linked to their ability to locate high resource patches (Bainbridge 1953 , Mullin & Brooks 1976 , Daro 1988 . Hence, fine-scale oceanographic features associated with ephemeral food patches can affect the fitness of these organisms. At larger ecological scales, copepod foraging efficiency, grazing rate and aggregation are known to affect and in some cases drive phytoplankton abundance and nutrient cycling in many systems (Landry et al. 1994 , Hansen et al. 1999 , Turner 2004 . Thus, the behavior of copepods at the individual level can have widespread effects on many ecological processes.
Several questions must be answered in order to determine whether fine-scale oceanographic structure is behaviorally important to copepods. (1) Is relevant, reliable information about the local environment contained within thin layers (persistent regions of high productivity on the order of 1 m thick vertically) and other oceanographic features? Due to the close association of in situ gradients with biological activity, physical gradients (if detectable) might serve as a proximal cue for biologically relevant properties (e.g. food; Cowles 2004) . (2) Is this information perceivable by plankters? Several species of copepods are known to respond to the presence of velocity gradients, density discontinuities and chemical compounds (Harder 1968 , Poulet & Marsot 1978 , Yen & Fields 1992 . Additionally, reported strain rate levels associated with in situ peaks in chlorophyll concentration fall in a range between physiological detection limits and escape response thresholds (Titelman 2001 , Fields et al. 2002 , Cowles 2004 . (3) Is some benefit or advantage acquired by using the associated information? Previous studies suggest that zooplankton are able to use fine-scale discontinuities and patches in the water column to improve foraging efficiency and aggregate (Harder 1968 , Hamner 1988 , Woodson et al. 2005 , which, it has been argued, increases individual fitness. However, direct assessments of the impacts of patchiness on copepod fitness are inconclusive (Tiselius 1992 , Saiz et al. 1993 , Bochdanksy & Bollens 2004 .
The aim of this study is to determine the potential ability of copepods to use various cues associated with oceanographic structure and examine which cues convey information. To do so, we examined the behavioral responses of individuals of 2 calanoid copepod species, Temora longicornis and Acartia tonsa, to layers of velocity gradients, density gradients (as salinity), phytoplankton chemical exudates, phytoplankton (food) concentration and combinations of these cues in conditions that mimic field observations of oceanographic structure.
MATERIALS AND METHODS
A laminar plane jet flume was used to generate model layers of oceanographic properties such as velocity gradient, density gradient (as salinity), and biological activity. Full details and a sketch of the apparatus are provided in Fig. 1 and Woodson et al. (2005) . This experimental apparatus (100 × 30 × 30 cm) was used for both layer characterization and behavioral experiments. The y-axis is the vertical dimension and corresponds to the typical oceanographic notation of depth as the z-axis.
Layer characterization. All parameters and techniques for the velocity and density gradient layers are described in Woodson et al. (2005) along with a detailed description of the methods for layer characterization (particle image velocimetry [PIV] and planar laser-induced fluorescence [PLIF] ). In the present study, the chemical exudate and food layers were also quantified using the PLIF technique. In this case, Rhodamine 6G was used as a surrogate for the chemical exudates or food. Rhodamine 6G was not present during behavioral experiments and was used only for characterization of the model layer. Food and chemical gradient layers were created by advection (transport by fluid flow) of odor or food laden water across the test section and then stopping the jet flow after an interval sufficient for the dye to advect across the experimental section of the tank. The jet momentum was then allowed to dissipate for approximately 10 min before measurements. Chemical exudates, food or dye (for visualization and layer characterization) were fully mixed into the main jet flow by introducing these substances to the jet fluid upstream of the flow conditioning section. Concentration in the layer was calculated from the flow rate and concentration of the secondary stream using mass conservation techniques and later validated through PLIF experiments. Examination of concentration distributions (see Fig. 2 ) revealed that this technique allowed the creation of a distinct chemical layer in the middle of the test section without the use of a density gradient as employed in several previous studies of patchiness (e.g. Tiselius 1992 , Clay et al. 2004 ). Consequently, we tested the behavioral effect of chemical cues without the confounding effects of density gradients.
Layers with combinations of the constituents were created in addition to the isolated layer treatments. The velocity-chemical layer used the main flow in combination with the secondary stream (dye, phytoplankton or phytoplankton exudates). The reservoir water was not recirculated in these trials to prevent concentration increases in the model layer during the experiments. The velocity-density model layer was created by filling the tank to just over half full with 30 ppt salinity artificial seawater. Denser (≥30 ppt salinity) seawater was then pumped into the tank through the drain fitting until the density jump was aligned with the bottom of the jet nozzle (0.5 cm below the mid-point of the tank). The plane jet fluid (30 ppt salinity) flowed with an exit velocity of 6.7 mm s -1 , matching the velocity-only layer experiments. The density-chemical layer was created by first filling the tank with a density gradient at mid-depth, then advecting the chemical solution across the tank as in the chemical-or food-only layer treatments. Once the chemical layer passed through the test-section region, both pumps were turned off, and residual momentum was allowed to dissipate. Finally, the velocity-density-chemical layer was created in the same fashion, except the jet continued to flow with no recirculation.
Behavioral experiments. Temora longicornis were collected from Stony Brook Harbor (New York, USA) and the Gulf of Maine. Acartia tonsa were collected from Wassaw Sound near Skidaway Island, Georgia, USA. After overnight transport to Atlanta, Georgia, copepods were sorted and stored in 19 l buckets in an environmental room at constant temperature (12 ± 0.2°C) for a minimum of 48 h during which copepods were observed to feed and produce eggs. Copepod cultures were fed either Tetraselmis sp. (Chlamydomonadaceae, green flagellate) or Rhodomonas lens (Cryptophyceae, red flagellate) under saturating conditions every few days. Copepods were not fed during the 24 h before behavioral experiments. All experiments were subsequently conducted at constant temperature (12 ± 0.2°C) using artificial seawater. Although capture, shipping, and storage of organisms before experiments may have altered behavioral responses, studies conducted nearshore within 4 h of copepod capture showed similar results (Woodson et al. 2005) , suggesting that transport and handling were not significantly affecting behavior in the laboratory.
Behavioral experiments consisted of treatment layers of (1) (Table 1) . A range of density gradients (0, 0.25, 0.5, 0.75, 1, 2, and 4 ppt salinity change, corresponding to 0, 0.2, 0.4, 0.8, 1.6, and 3.1 nσ t , density change, respectively) and chemical exudates concentrations (0, 32, 64, 95, 126, 158, 190, 222, 253 µg C l -1 ) were also tested to determine threshold response levels to these cues. Similar tests were not performed for the velocity gradient treatment because other methods have been employed to estimate behavioral threshold response levels to shear strain rate (0.03 to 0.06 s -1 for Temora longicornis; 0.035 to 0.06 s -1 for Acartia tonsa; Woodson et al. 2005 ). Additionally, copepods were exposed to a velocity-all chemical layer treatment, in which the velocity gradient was created with the entire water column (and the jet) at a homogenous exudate concentration (253 µg C l -1 equivalent). This treatment allowed us to assess if background chemical presence influenced the response to the velocity gradient. Two replicates were performed for each treatment and 50 observations were taken from each replicate for analysis.
Food layer and chemical exudate layer treatments were prepared from separate Tetraselmis sp. and Rhodomonas lens cultures. Phytoplankton cultures were maintained at optimal growth temperature (22 to 25°C) on marine culture media (Sigma Guillard's [f/2] #G0154) and artificial seawater. Turnover of cultures and media occurred every 2 d. Cytometer cell counts were conducted during each water exchange to verify that cultures were in exponential growth phase. Cells were counted directly before experiments using exudates or food to establish cell density, and cell size was measured for 10 ind. Cell volume was estimated at 105 ± 5 and 200 ± 8 µm 3 for Tetraselmis sp. and R. lens, respectively. Carbon concentration was estimated based on the empirical formula given by Menden-Deuer & Lessard (2000) . For the food layer experiments, phytoplankton cultures were introduced to the apparatus following the procedures described above for chemical layer characterization using a gravity feed instead of a pump to prevent cell lysis. For chemical exudate layers, phytoplankton cultures were centrifuged (3000 rpm or 10 × g, 23°C, 5 min), filtered through a 0.7 µm glass fiber filter and introduced to the apparatus following the methods described above.
Species-specific groups of 60 to 70 adult, mixed-sex copepods were added to the test section of the tank, allowed to acclimate for 2 h and aggregated at either the water surface or the tank bottom using a fiber optic light source until the beginning of the experiment. The fiber optic light was turned off as the experiment began, and illumination for video recording was provided by infrared diodes. Temora longicornis and Acartia tonsa did not respond to light in the infrared wavelengths (Stearns & Forward 1984, authors' pers. obs.) . A mesh filter (50 µm) at the downstream end of the tank prevented individuals from recirculating through the system during flow experiments. Individual interactions with the layer treatments in a 10 × 10 cm observation region were recorded on videotape (S-VHS) using a closed coupled device (CCD) video camera (Pulnix model TM-745, 768 × 494 pixels). Most copepods were located in the rear section of the test tank at the end of experiments, suggesting that individuals were not recorded more than once (Woodson et al. 2005) .
Fifty individual paths from the S-VHS recordings of each trial were digitized using ExpertVision software (MotionAnalysis) at 15 Hz for kinematic analysis of swimming speed and turn frequency. The duration of recorded paths typically was approximately 60 s. The frame rate was selected because copepod swimming displacement corresponded to approximately 1 pixel between images so that swimming speed calculations were independent of the frame rate in this range, but subtle changes in swimming speed could be detected. Relative swimming speed was reported for all layers containing a velocity gradient and was calculated by subtracting the fluid velocity vector from the swimming vector at each location (see Woodson et al. 2005) . For density layer experiments, we also recorded whether the individual crossed the gradient layer for the first 40 paths.
Paths that did not contact the gradient layer and paths with escape responses were removed from the data set resulting in a loss of between 0 and 15 paths per experiment. Data collection consisted of calculating proportional residence time (PRT), pre-and postcontact swimming speeds, and pre-and post-contact turn frequency for each individual path. PRT was defined as the ratio of the time spent in the layer region to the total time in the field of view. A turn event was defined as a change in the 2-dimensional swimming trajectory of >15°during a period of 0.33 s. Table 1 . List of treatment names, notations and stimuli presented. Treatments 1 to 8 were conducted as part of the hierarchy experiment and tested using a nested ANOVA. Treatments 9 to 12 were conducted separately and are shown in the table for reference. Two replicates were performed for each treatment with 50 paths recorded from each replicate. Experiments were conducted in random order with different copepod specimens locations were calculated based on the centroid and positions could be located with a resolution of less than a pixel. This method removed pixel locking issues from the turn calculations.
Multi-way nested analysis of variance (ANOVA) was used with PRT as the dependent variable to examine individual and interactive effects of velocity, density, and chemical exudate factors. Each main factor possessed 2 fixed levels (present or not present for cues) yielding 1 degree of freedom for each factor and each interaction. Each combination had 2 nested replicates with 50 samples each. In the nested design, replicate effects were not significant (Temora longicornis, df = 8, F = 0.55, p = 0.46; Acartia tonsa, df = 8, F = 0.32, p = 0.62); therefore, replicates were pooled and a multiway ANOVA with interactions was performed (see Table 2 ) with the pooled error variance. This design allowed the evaluation of the effects of both isolated and combined factors. PRT was not transformed since examinations of skewness and kurtosis revealed no evidence that distributions were not normal (Zar 1999) .
Single factor ANOVA was used to determine whether significant differences in PRT occurred as a function of chemical concentration or density jump. Posthoc Dunnett's Control tests (D-C) were used to identify where significant differences in PRT occurred for incremental steps in chemical concentration or density jump compared with control values. Non-linear regression techniques revealed qualitatively similar results. The effect of different density steps on swimming behavior was evaluated by regressing the number of layer crossings as a function of the magnitude of the density step.
Statistical comparisons of swimming speed and turn frequency were conducted using a repeated-measures ANOVA design to compare pre-and post-contact values separately for each treatment, with a false discovery rate (FDR) correction due to the large number of tests (Benjamini & Hochberg 1995) . The FDR calculation was based on the results pooled across species, allowing us to statistically compare the response of each species with similar treatments. Kinematic parameters in controls (no gradients) are provided for qualitative comparison. We employed the repeated-measures design to alleviate bias due to varying sex ratios, starvation level and animal condition between experiments (e.g. males typically swim faster than females, Mauchline 1998).
RESULTS

Layer characterization
Characterization of the isolated chemical layer is shown in Fig. 2 . Isolated velocity gradient and density gradient layers were previously defined in Woodson et al. (2005) . Planar fields for all physical and chemical quantities have been measured (e.g. our shear strain rate threshold. x and y are the horizontal and vertical coordinates, respectively; C/C o is the concentration normalized by the source concentration were similar. The density gradient caused the lower portion of the velocity profile to possess a slightly steeper gradient resulting in higher shear strain rates below y = 0 mm (Fig. 3 ), but the maximum strain rate level was still below reported escape response thresholds (0.50 s ) were used to define the layer thickness in all treatments because this definition encompasses all layers defined by other constituents (density gradient, chemical exudates or food). This common definition of the layer region through all behavioral experiments removed bias due to changes in layer width (Woodson et al. 2005) . Importantly, the layer was much larger (~4 cm) than a copepod (~0.1 cm), ensuring that an individual cannot sense both boundaries of the layer at the same time.
Behavioral experiments
PRT in the absence of a treatment is expected to be around 0.39 because the layer covers this proportion of the field of view (PRTs for control were 0.34 and 0.39 for Temora longicornis and Acartia tonsa, respectively). An ANOVA indicated that PRT increased significantly in response to the velocity gradient and chemical exudate layers for both species and to the density gradient layer for T. longicornis (Fig. 4,  Table 2 ). Interactive effects of the different layer constituents were also assessed in the multi-way ANOVA design. Such effects were significant only in treatment combinations that paired chemical exudates with one of the physical gradients (velocity or density) (Fig. 4,  Table 2 ). For T. longicornis, the presence of chemical layers increased PRT when combined with density or velocity relative to the PRT reached when cues were presented individually. However, A. tonsa did not show increases in PRT for the combined layers and actually showed decreased PRT for the velocity-chemical combined layer compared with the isolated veloc- Temora longicornis and Acartia tonsa were tested with a range of density jumps and exudate concentrations to establish threshold responses. Single-factor ANOVA revealed significant differences in the PRT for the range of density gradients (df = 299, F = 2.41, p = 0.036) in T. longicornis, and a post-hoc D-C test revealed significant increases from control values at density steps above nσ t = 1.6 ( Fig. 5 ; minimum significant difference, MSD 0.05,294,6 = 0.106; p = 0.046). A. tonsa did not show significant differences in PRTs in response to any of the density gradients (df = 299, F = 1.05, p = 0.389). Individual copepods often did not cross the density gradient layer (our Fig. 6 ; Woodson et al. 2005) , and linear regression showed a non-random distribution of residuals (Runs test, u 0.20(2),6 = 2, u = 1, both species) with a distinct threshold for both species. Thus, sigmoidal regression was used to estimate the response threshold. Regression of the number of individuals crossing versus magnitude of the density jump revealed a lower threshold boundary of nσ t = 0.4 and 0.8 for T. longicornis and A. tonsa, respectively ( Fig. 6 ; curve begins to decrease near this value). The response to the density gradient approaches approximately 75% of the population not crossing the layer around nσ t = 2.0 for T. longicornis and nσ t = 1.4 for A. tonsa.
Both Temora longicornis and Acartia tonsa responded with a threshold-type response to varying concentrations of phytoplankton chemical exudates (Fig. 7) . Single factor ANOVA revealed significant differences in the PRT for T. longicornis between concentration levels for both phytoplankton species (Rhodomonas lens, F 5,299 = 10.03, p < 0.001; Tetraselmis sp., . A. tonsa also significantly increased PRT in response to chemical exudate concentration ( Fig. 7 ; df = 449, F = 20.87, p < 0.001; singlefactor ANOVA) with significant differences from the control value occurring at 158 µg C l -1 (difference = 0.174; MSD 0.05,449,1 = 0.098; p < 0.001). This suggests a behavioral threshold near 150 µg C l Both Temora longicornis and Acartia tonsa increased swimming speed and turn frequency in response to the velocity, chemical and combined layers and showed a largely similar response pattern to the suite of treatments. Repeat measures ANOVA with post-hoc correction to reduce FDR showed significant, or strongly suggestive, increases between pre-and post-contact swimming speeds in response to velocity, chemical exudates and all the combination layers (Table 3) for both species. Turn frequency also increased in 6 of 8 treatments (3 of 4 for each species) with isolated velocity, isolated chemical exudates, combined velocity-chemical and all combined layers (Table 4 ). In contrast, the density gradient layer acted as a physical or behavioral barrier to vertical movement ( (Tables 3 & 4) . Individuals in the food layer began feeding with overall lower swimming speed and lower turn frequency due to slow (<1 mm s -1 ) horizontal movement of the organism associated with the feeding current (Tiselius 1992 , C. B. Woodson pers. obs.). T. longicornis and A. tonsa did not alter pre-vs. post-contact swimming speed (Table 3) or turn frequency (Table 4) in the velocity-all chemical treatment further supporting the lack of a response to a velocity gradient in the presence of suprathreshold background concentrations of chemical exudates. 
DISCUSSION
Aggregations of zooplankton near sharp vertical gradients of physical properties such as flow velocity or density, layers of chemicals resulting from intense phytoplankton abundance, or layers of biological activity are hypothesized to result from interplay between physical forcing and individual behavior (Franks 1995 , Alldredge et al. 2002 . If fine-scale patchiness in the plankton is an important feature of these habitats, some species of zooplankton may have adapted behavioral responses to features that define profitable search areas, increase foraging or mating success and ultimately improve individual fitness. In this study, the response of the calanoid copepods Temora longicornis and Acartia tonsa to various gradients associated with fine-scale oceanographic structure indicated that individuals use physical gradients and chemical exudates as cues for various behaviors. Both T. longicornis and A. tonsa individuals actively remained in both velocity gradient and chemical exudate layers employing mechanisms that were apparent in path kinematics. Increases in swimming speed and turn frequency may allow individuals to quickly and efficiently scan a region of interest for other proximal cues associated with important resources (e.g. food, mates, refugia; Cowles 2004). However, response to a velocity gradient layer may also allow zooplankton to identify regions where they can be transported (or not transported if in a low velocity region) to a new area or where they can effectively maintain both horizontal and vertical position in the water column (Genin et al. 2005 , McManus et al. 2005 . Responses to the combined velocity-chemical layer were different between the 2 species. T. longicornis responded positively to the velocity-chemical layer (increased PRT relative to isolated cues), suggesting that the combination enhances the response to either isolated cue. In contrast, A. tonsa responded aversely and decreased PRT to this combination compared with PRT to each isolated layer. Neither species increased PRT in response to a velocity gradient layer when also exposed to background chemical exudate concentrations.
Density gradients, however, elicited different responses. Individuals of both species that contacted a density gradient rarely crossed the layer, but rather swam along the layer or turned around. The observed response is not likely to be produced by salinity changes, since density gradients in the absence of a salinity change invoked similar responses in a number of zooplankton, including the copepod Temora longicornis (Harder 1968 ). and Ignoffo et al. (2005) reported responses for Acartia clausi and rotifers that are similar to both the present study and Harder (1968) . In the present study, combining the density gradient layer with the other cues led to an increase in PRT for T. longicornis, possibly by providing a boundary to which individuals can orient and remain in the layer more effectively. However, it is also possible that the presence of an attractive cue ameliorated the aversive response to the density gradient, or was a combination of these 2 factors. The present data do not provide evidence for either case because only one concentration of each factor was tested in combined trials and the relative strengths of each layer will likely affect the balance between attraction (velocity ). * Significant difference (p < 0.05) of the treatment value compared with the preceding concentration value using a Student-NewmanKeuls post-hoc test and chemical exudates) and aversion (density). In contrast, A. tonsa did not alter responses to other cues when a density gradient was present. Possible reasons that relate to this phenomenon include a wider salinity tolerance range for A. tonsa and the greater variability of temperature and salinity in the estuarine systems preferred by A. tonsa. The frequent failure of both T. longicornis and A. tonsa to cross the density gradient layer (Fig. 6) suggests that copepods can detect the layer, but it does not indicate a potential source of food. However, in the absence of a velocity gradient, T. longicornis still aggregates near density gradients (Harder 1968 , increased PRT in Woodson et al. 2005 .
In density-only treatments, the copepods do not cross the density gradient, and accumulate at the layer edge. These observations suggest that not all copepod aggregations may result from attraction, and that the balance between attractive and potentially aversive or restrictive conditions is important in determining the overall response of motile organisms to ocean structure.
Excited area-restricted search Tinbergen et al. (1967) suggested that distribution patterns for organisms could be partially explained by the use of an area-restricted search strategy, which was later defined as more frequent turning and slower movement by a predator (e.g. Leising & Franks 2002 ), but was left open to other potential mechanisms in the original work. The consequent impact of arearestricted search on distributions in the plankton was discussed in Hamner (1988) and Leising & Franks (2000) as a mechanism for aggregation. Tiselius (1992) and Saiz et al. (1993) provided examples of the impacts of patchiness on the copepod Acartia tonsa. More recently, Leising & Franks (2002) proposed classic area-restricted search strategy for Acartia clausi as a means of dealing with resource patchiness at small spatial and temporal scales (e.g. cm, min). Although an individual could adequately remain within a patch for time periods sufficient to fill a gut by slowing down (e.g. feeding), the individual must first be able to locate Table 3 . Swimming speed in all experimental treatments. Significance at *p < 0.10 and **p < 0.05, between swimming speeds pre-and post-contact with the layer by repeat measures ANOVA with a post-hoc correction for multiple tests. Stimulus intensities in the combined cue treatments are at the levels reported for individual cues. Food and chemical exudate experiments were conducted with Rhodomonas lens for T. longicornis and with Tetraselmis sp. for Acartia tonsa. Data for Control, Velocity and Density for both species taken from Woodson et al. (2005) . eq.: equivalent an adequate resource patch such that 'the total integrated foraging behavior of a planktonic organism is probably a combination of different behaviors, specific for different scales' (Leising & Franks 2002) . The scales associated with locating thin layer patches are smaller than large-scale movements such as diel vertical migration (e.g. ranging tens of meters) and larger than micro-scale behaviors such as feeding (cm ; Bell 1989; Leising & Franks 2002) .
Results of the present study agree with search theory at multiple scales (Bell 1989 , Dusenbery 1992 ) because copepods increased swimming speed when they sensed cues indicative of resource patches, but slowed and began feeding in the presence of food particles. Faster movement is ideal for animals searching for food using an associated cue because search time is inversely proportional to the movement of the organism:
where t c is the mean time to locate a patch, d is the half-distance between patches, r d is the response distance of the forager, and v f is the speed of the forager (Bell 1989 , Dusenbery 1992 . However, maintaining high speeds for long periods is often energetically costly. Hence, excited area-restricted search behavior (focused bouts of increased speed and turn frequency, Woodson et al. 2005 ) in response to environmental cues increases the probability of locating resource patches at intermediate scales while minimizing energetic expenditure. Conversely, when located in a food patch, copepods should stay in one place and, hence, reduce swimming speed (present study, also Tiselius 1992 , Leising & Franks 2002 . Successful intermediate-scale search behavior and patch location is not dependent on prey concentration. However, the concentration of prey (or degree of association of a cue with prey) determines the length and intensity of searching and feeding (if at all). By employing cue association and prey concentration in this fashion a forager can minimize both time spent in low quality patches and time searching for new more productive patches. This mechanism is supported by the Woodson et al. (2005) . eq.: equivalent threshold response to chemical exudate concentration (Fig. 7) and the observation that both species of copepods ceased excited area-restricted search response after a period when food particles were not located.
Cue hierarchy
Our data suggest that copepods in the ocean use search strategies that employ multiple cues. Such strategies are well known for terrestrial arthropods that use a suite of cues to improve search success and foraging efficiency by employing information hierarchies to consecutively narrow search regions (Vet 1999) . Animals employ cue hierarchies in response to a reliability-detectability dilemma, where reliability is defined as the degree of association with the search target, and detectability is defined as the availability of a cue at specific scales. For example, many insects use visual, chemical and physical cues to progressively focus search regions until a host or mate is found (Tumlinson et al. 1993) . Perception is dominated at long range by visual cues or chemical volatiles from associated plants, at intermediate scales by scents of fruiting bodies near a potential host site and at close range by host-specific cues (Vinson et al. 1987 , Tumlinson et al. 1993 .
In the ocean, physical and biological structures are often closely related since physical oceanographic forces such as currents, swells, and tides (physical forcing) directly impacts biological patchiness (e.g. Franks 1995) . For example, thin plankton layers have been documented most extensively in coastal regions along the west coast of North America (Cowles 2004) . However, recent observations reveal these features may not be geographically restricted and probably occur throughout the world's oceans (McManus et al. 2005) . Field observations of thin layers and other fine-scale oceanographic structures suggest that associations between flow velocity gradients, density changes and biological activity may provide zooplankton with spatial and temporal information that profoundly affects foraging behavior and success. More than 75% of the phytoplankton biomass within the upper 25 m of the water column can be concentrated into thin layers that are roughly 1 to 4 m thick (Holliday et al. 1998 , Cowles 2004 . Thus, phytoplankton concentrations that are adequate to support zooplankton populations may be present in as little as 4 to 16% of the habitat (Cowles 2004 ) depending on various factors such as layer concentration, layer thicknesses and copepod physiology. In contrast, velocity gradient layers can cover 15 to 25% of the water column (Dekshenieks et al. 2001 , Cowles 2004 ). In its search for food an individual that narrows search regions by progressively using associated velocity and chemical gradients considerably decreases the total area to be searched and accordingly directs the search to areas that are more likely to contain food. Thus, a copepod improves foraging efficiency simply by increasing the probability of a food encounter and limiting energetic expenditure as shown in Fig. 8 . Oceanographic structure, hence, provides dynamic cues for identifying and searching a region of interest, suggesting that systematic use of these cues enhances resource location. Thus, physical gradients could signal the potential presence of a biological layer and encourage brief focused searches for other information.
Our observations of Temora longicornis responses to isolated and combined layers support a cue hierarchy that begins with gradients in flow velocity, continues to waterborne chemical exudates and culminates in feeding behavior in response to cell contact or perception of more specific chemical cues (i.e. the scheme proposed in Fig. 8 ). Chemical cues increase PRT more than velocity gradients, but responses to the combined velocity-chemical layer were stronger than either cue alone. Additionally, chemical exudates appear more important as foraging cues because responses to velocity gradients were negated in favor of chemical exudates in the velocity-all chemical treatment. Chemical cues emanating from potential food are, in general, much more accurate cues to resource density and location, and, hence, should rank more strongly in the cue Fig. 8 . Temora longicornis and Acartia tonsa. Proposed cue hierarchy for copepod foraging based on results of the present study. Percentages are based on in situ data reported in the thin layers literature (Holliday et al. 1998 , Dekshenieks et al. 2001 , McManus et al. 2003 , Cowles 2004 hierarchy than velocity gradients alone. By concentrating local searches near regions of closely associated factors (velocity gradients and biological activity), T. longicornis is able to enhance search success, while minimizing the energetic expenditure associated with patch location. Acartia tonsa may also use velocity gradients as a cue to increase search intensity. However, the roughly equal responses to the individual cues and the lack of a stronger combined effect suggest the lack of a strictly delineated hierarchy as seen in Temora longicornis. Even so, A. tonsa responses to isolated velocity gradients (higher PRT) are modified, albeit weakly, by the presence of chemical exudates.
Responses by Acartia tonsa and Temora longicornis to velocity and chemical gradients appear to be functional cues in a cue hierarchy. However, responses to velocity gradients may also be related to position maintenance as seen in other zooplankton (e.g. Genin et al. 2005 , McManus et al. 2005 and not always directly linked to foraging. Observations of increased relative swimming speed in the velocity gradient layer support this mechanism, but the lack of response in the presence of chemical exudates suggests that although position maintenance may be employed, velocity gradients are also employed in foraging behaviors. Determining the relative importance of such cues and how they are predominately employed will be fundamental in correlating behavior with observed distribution patterns.
Species-specific behavior
Behavioral studies demonstrate acute chemosensitivity in Temora longicornis (Doall et al. 1998 ) and acute mechanosensitivity in Acartia sp. (Tiselius & Jonsson 1990) . Morphological analysis of the sensory organ, the antennules, shows long hair-like setae on Acartia tonsa, which are considered mechanoreceptive (Kiørboe et al. 1999 ). Setal sensors on T. longicornis are shorter and planar in distribution along its antennule and likely less useful for 3-dimensional positional analyses of discrete fluid mechanical signals (Gill 1986 , Mauchline 1998 ). These differences in sensitivity to cues of different modality agree well with our findings of species-specific responses to thin layer cues when offered in isolation or combined. T. longicornis showed stronger responses when both fluid mechanical and chemicals were present, whereas A. tonsa showed the same intensity in its responses regardless of which cue was present or whether they were combined. These physiological differences and our observations suggest functionally different responses to signals that may be contingent on habitat characteristics. For example, although both of these species are found in coastal regions, Acartia tonsa frequents estuarine habitats that are often dominated by freshwater inputs and significant mixing, and the animal has a higher probability of being swept offshore (e.g. Wassaw Sound, Georgia, Tiselius 1992). In contrast, Temora longicornis prefers regions not dominated by freshwater input where velocity gradients and resources may be more closely aligned (e.g. Stony Brook Harbor, New York, Doall et al. 1998 ). Thus, the velocity gradient layer may not be a good indicator of habitat quality in some systems, but instead could be used as a cue for copepods to remain in a particular area in order to avoid being swept offshore.
CONCLUSIONS
Cue hierarchy is a common mechanism used by zooplankton for consecutively narrowing search regions, but it has not been previously investigated in the Copepoda (Mauchline 1998 , Vet 1999 . Further, studies where individual cues can be isolated and combined in a controlled fashion to analyze relative importance are rare in both terrestrial and marine systems. The use of cue hierarchy in foraging behaviour and velocity gradients in position maintenance by Temora longicornis, Acartia tonsa, and other zooplankton (Genin et al. 2005) , support suggestions that behavior plays an important role in aggregation and patchiness of zooplankton populations in the ocean. Hence, zooplankton behavior at intermediate scales may impact higher trophic levels (Wishner et al. 1995) and influence larger scale processes such as dispersal and recruitment (Cowen et al. 2006) . A continued drive toward understanding and answering these questions will benefit from collaborations between interdisciplinary field studies, laboratory investigations and modeling efforts where specific aspects of the environment can be accurately isolated, controlled or analyzed.
